To facilitate the dissociative adsorption of H 2 molecules on pristine graphene, the addition of a monoatom-vacancy to graphene is proposed. This leads to reduction of the dissociative energy barrier for a H 2 molecule on graphene from 3.097 to 0.805 eV for the first H 2 and 0.869 eV for the second, according to first principles calculations. As a result, two H 2 molecules can be easily dissociatively adsorbed on this defected graphene at room temperature. The electronic structure and conductivity of the graphene change significantly after H 2 adsorption. In addition, the related dissociative adsorption phase diagrams under different temperatures and partial pressures show that this dissociative adsorption at room temperature is very sensitive (10 À35 mol L À1 ). Therefore, this defected graphene is promising for ultra-sensitive room temperature hydrogen sensing.
Introduction
Hydrogen has attracted great interest because it is a clean and renewable energy source. 1 Hydrogen is widely present in nuclear reactors, coal mines and semiconductor manufacturing, etc.
2
Because hydrogen is highly flammable and explosive with a volume concentration of more than 4%, developing highly sensitive hydrogen sensors is important. Commercially, hydrogen sensors are mainly composed of metal oxide (e.g., SnO 2 ) films based on the chemresistive mechanism. [3] [4] [5] [6] [7] However, to obtain satisfactory results by using metal oxide sensors a temperature over 400 1C is usually required, 8 which is energy intensive and may trigger an explosion. Therefore, it is desirable to develop new types of hydrogen sensors which operate at room temperature. Although graphene has definite advantages over other gas sensing materials, 9 due to its excellent electronic 10 and mechanical properties, 11 the interaction between pristine graphene and H 2 molecules is weak due to the inert nature of graphene. 12 It is known that when graphene is synthesized using chemical techniques, such as chemical vapor deposition (CVD) 13 and aqueous dispersion methods, 14 vacancies could be present.
Vacancies can also be introduced into graphene using the ion irradiation technique. 15, 16 These vacancies can promote the reactivity of graphene and facilitate the dissociative adsorption of small molecules on graphene. [17] [18] [19] Thus, we expect that H 2 molecules could be dissociatively adsorbed on vacancies in the graphene and this adsorption may change the electronic properties of the graphene.
In this paper, we will consider the dissociative adsorption of H 2 molecules on graphene with mono-atom-vacancies by using density functional theory (DFT) calculations. It is found that the defected graphene results in an evident drop of the dissociative energy barrier of H 2 . This adsorption evidently influences the conductivity of the defected graphene. In addition, the phase diagram of H 2 dissociative adsorption on graphene under different temperatures and partial pressures is established based on DFT results and thermodynamic parameters, which confirm the sensitivity of hydrogen dissociative adsorption and the sensitivity of the graphene for hydrogen detection.
Calculation methods and thermodynamic model
All calculations are implemented by Dmol 3 code. 20 The generalized gradient approximation (GGA) with a Perdew-Burke-Ernzerhof (PBE) functional is employed to describe the exchange and correlation effects. 21 Double numerical plus polarization (DNP)
is employed as the basis set. A convergence tolerance of energy of 10 À5 Hartree is taken (1 Hartree = 27.21 eV), and the maximal allowed force and displacement are 0.002 Hartree Å À1 and 0.005 Å, respectively. It was reported that the selection of the exchange-correlation functional has an evident effect on the resulting adsorption energies. However, the effect on the calculated energy barriers is much smaller. 22 To investigate the minimum energy pathway for dissociative adsorption of a H 2 molecule on graphene, the linear synchronous transit/quadratic synchronous transit (LST/QST) 23 and nudged elastic band (NEB) 24 tools in the Dmol 3 module are used, which have been well validated for determining the structure of the transition state and the minimum energy pathway. In the simulation, three-dimensional periodic boundary conditions are taken. The simulation cell consists of a 4 Â 4 graphene supercell with a vacuum width of 20 Å above the graphene layer to minimize the interlayer interaction. The k-point is set to 5 Â 5 Â 1 and all atoms are allowed to relax. The DFT+D method within the Grimme scheme 25 is used in all calculations to consider the van der Waals forces. For a H 2 molecule adsorbed on graphene before and after the dissociative adsorption, the adsorption energy E ad is determined by,
where E H 2 /graphene , E graphene and E H 2 are the total energies of the H 2 /graphene system, the isolated graphene and a H 2 molecule in the supercell with the same lattice of graphene, respectively. In actual applications, the temperature (T) and pressure (P) should be considered. Therefore, the Gibbs free energy G(T,P) of the system was calculated as a function of T and P. The change in Gibbs free energy for the dissociative adsorption of a H 2 molecule on graphene is taken as,
The determined DFT total energy E is related to the volume V of the unit cell at 0 K, corresponding to the Helmholtz free energy at 0 K without zero-point vibrations. Therefore, the Gibbs free energy G(T,P) in eqn (2) can be determined by, 26 
G(T,P)
where F vib (T) denotes the vibrational free energy. Because G(T,P) of solid phases changes little with P, the PV term in eqn (3) is neglected. 26 Thus, G graphene (T,P) = E graphene + F 
F vib (T) is thus determined by phonon calculations with CASTEP code, 28 where the norm-conserving pseudopotentials, the GGA-PBE functional, an energy cutoff of 340 eV and 5 Â 5Â 1 k-point meshes are used.
The Gibbs free energy of the gas phase will be strongly affected by T and P, and can be taken as, 29 G H 2 ðT;
where the first term is the DFT result, the second and third terms are the contribution of H 2 enthalpy and entropy under atmospheric pressure (P 0 = 1 atm), respectively, which can be obtained from a thermodynamic database. 30 The fourth term is a pressure dependent contribution (where K B is the Boltzmann constant). In total, DG(T,P) in eqn (2) is further expressed as,
Results and discussion
We firstly consider the geometric structures of the pristine graphene and graphene with a mono-atom-vacancy as shown in Fig. 1 , the corresponding vacancy concentration is 1/32. Three sp 2 dangling bonds (s bonds) are present near the vacancy and point towards the center of the vacancy. In addition, one delocalized p dangling bond is perpendicular to the graphene surface. The vacancy undergoes a Jahn-Teller distortion upon relaxation (see Fig. 1b ), where two of the nearest C atoms to the vacancy site form a weak covalent bond with bond length 2.129 Å, consistent with the reported value of 2.1 Å. 17 This distortion results in a pentagon-like structure, with the atom displaced 0.20 Å out of the surface plane, which corresponds to the literature datum of 0.18 Å. 17 The ground state of the vacancy has a magnetic moment of 1.006 m B (see Fig. 1b ), which is consistent with the reported value of 1.04 m B and experimental observation. 17, 31 To further understand the electronic structure of the defective graphene, the partial density of states (PDOS) of the C 1 and C 2 atoms are analyzed and shown in Fig. 1c and d, respectively. The spin state here is mainly contributed by the half filled s orbital of the C 1 atom (see Fig. 1c ). The C 2 atom forms a weak bond with the neighboring C atom and builds a fully empty s* anti-bond (see Fig. 1d ) without the spin state. The half filled p bond is responsible for the p-type doping, but not for the spin state of the graphene. Therefore, formation of the pentagon saturates two of three sp 2 bonds, but the remaining unsaturated s bond of the C 1 atom is reactive and is believed to induce the dissociative adsorption of small molecules.
For the molecular adsorption of a H 2 molecule on pristine graphene, based on the DFT+D calculations and eqn (1), the favorable adsorption site of the H 2 molecule is at the hollow site with the H-H bond parallel to the graphene surface, which is consistent with ref. 12 and shown as the initial structure, IS, in the inset of Fig. 2a . Note that it has been reported that the DFT+D method tends to over-emphasize the pair-wise interaction energy between atoms and gives the wrong binding site for Ag atoms on graphite. 32, 33 To check the correctness of our result, the literature results using vdW-DF and vdW-WF methods are compared, 34 which give the same favorable adsorption position for the H 2 molecule on graphene as our study. For the H 2 dissociative adsorption on graphene, the most favorable configuration is with two H atoms chemisorbed on the two face-to-face C atoms in the six-member ring, as shown as the final structure, FS, in Fig. 2a . LST/QST and NEB calculations indicate that this reaction is endothermic with a high energy barrier, E bar , of 3.097 eV (the energy difference between the transition state, TS, and the initial structure, IS), which is a little smaller than the reported result of 3.3 eV. 12 Therefore, the dissociative adsorption of H 2 on pristine graphene is difficult to achieve. The obtained adsorption energy E ad_IS , based on eqn (1), for graphene with a mono-atom-vacancy is listed in Table 1 . The preferred structure of a H 2 molecule when adsorbed in this system is shown in Fig. 2b , which is taken as the IS in the subsequent transition state search calculations which use two possible configurations for final structures, namely with the two H atoms on the same side (named as FS 1 ) or on both sides (named as FS 2 ). In light of our DFT calculations, the FS 1 structure with a slightly higher energy of 0.2 eV is less stable than the FS 2 structure. Previous studies indicate that the H atom introduced by proton irradiation will saturate a C dangling bond and produce the FS 2 structure. 17 However, our case shows that the reaction from the IS to FS 2 is absent due to the difficulty of the H atom going through the vacancy to the other side of the graphene. Thus, only the reaction from the IS to FS 1 is discussed in the following. After LST/QST and NEB calculations, the detailed reaction pathway and the energy barrier for the dissociative adsorption of a H 2 molecule on graphene with a mono-atom-vacancy are shown in Fig. 2b . Besides the initial and final structures, the atomic structure of the TS is also shown in Fig. 2b . It is found Fig. 2 The reaction pathway of H 2 molecule dissociative adsorption on pristine graphene (a), and on graphene with a mono-atom-vacancy for the first H 2 molecule (b), the second H 2 molecule (c) and the third H 2 molecule (d). IS, TS and FS represent initial structure, transition structure and final structure, respectively. Their atomic structures are shown in the inserts. The energy of the IS is taken to be zero. The units of E bar and E r are eV, where E bar is the energy barrier and E r is the reaction energy. The grey, black and white atoms are saturated C, unsaturated C and H, respectively. that the energy barrier decreases significantly on the defective graphene, E bar decreases from 3.097 eV in the pristine graphene system to 0.805 eV. The dissociative energy barrier for the first H 2 molecule on the defective graphene is slightly smaller than the reported result of 1.1 eV, 18 probably due to the different cluster graphite models and the mixed quantum mechanics/ molecular mechanics methods used in the literature and in this work. In addition, the reaction also changes from being endothermic to exothermic with a negative reaction energy E r of À2.820 eV. Since a surface reaction at ambient temperature may occur when the critical barrier of E cbar is smaller than 0.91 eV, 35 this dissociative adsorption should spontaneously occur at room temperature.
After the dissociative adsorption of the first H 2 molecule, two s dangling bonds are saturated with H atoms, while one remaining dangling bond is still active, which may induce the adsorption of the second H 2 molecule. For the second H 2 , it prefers to adsorb on the other side of the graphene opposite to the first H 2 . The preferred configuration with E ad_IS = 0.159 eV is shown as the IS in Fig. 2c where both dissociated H atoms adsorb on the same C atom with the dangling bond as the most stable configuration, which is taken as the FS. Note that after the second H 2 adsorption, the first two H atoms and the two C atoms that bind with the first two H atoms, are pushed further out of the graphene layer. LST/QST and NEB calculations give E bar = 0.869 eV, and E r = À2.308 eV. Therefore, the dissociative adsorption for the second H 2 molecule can also occur smoothly at room temperature. Further dissociative adsorption of a third H 2 leads not only to a larger E bar = 2.195 eV 4 E cbar = 0.91 eV, 35 but also to a positive E r = 1.251 eV 4 0 (see Fig. 2d ). As a result, the reaction can not proceed at room temperature. It is noteworthy that if we increase the size of the vacancy to two C atoms, E bar = 2.166 eV for one H 2 molecule dissociative adsorption is found, indicating that this dissociative adsorption is highly unlikely at room temperature. Therefore, only the graphene system with a mono-atom-vacancy is valid for hydrogenation.
The band structure of graphene with a mono-atom-vacancy is shown in Fig. 3b , while Fig. 3a shows that of pristine graphene for comparison purposes. As expected, the bands close at the K point with the zero band gap for pristine graphene. For graphene with a mono-atom-vacancy, the Fermi level goes down to the valence band due to the electron deficiency, indicating p-type doping. From Fig. 3c and d, we can see that the band across the Fermi level is mainly contributed by the half filled p bond, while the half filled s bond is responsible for the spin state. The p bond has highly mobility due to the its delocalized nature, which implies that the hole mobility should be large and the graphene with a monoatom-vacancy should be conductive. When the first H 2 is dissociated into two H atoms and adsorbed on the same side of the graphene as the mono-atom-vacancy (see Fig. 3c ), the Fermi level moves up to meet the top of the valence band exactly and the graphene changes into a pristine semiconductor with band gap of 0.38 eV. Therefore, the adsorption of two H atoms degrades the conductivity of the graphene. After dissociative adsorption of the second H 2 (see Fig. 3d ), the band gap increases slightly to 0.60 eV and the graphene is still a pristine semiconductor. This indicates that the change in conductivity should be small and it may be difficult to detect the dissociative adsorption of the second H 2 . Thus, the detection of H 2 molecules mainly depends on the dissociative adsorption of the first H 2 molecule. Therefore, the dissociative adsorption of H 2 molecules near the vacancy can eliminate the spin state and induce a significant conductivity change, which is desirable for applications in hydrogen sensors. Although the dissociative adsorption of the second and the third H 2 molecules are studied in order to comprehensively understand the reaction between the H 2 molecule and the defective graphene, these dissociative adsorptions have little effect on the conductivity.
In reality, graphene may have a smaller vacancy concentration locally due to its disorder distribution. In order to investigate the effect of vacancy concentration on the electronic properties of graphene before and after H 2 dissociative adsorption, we further investigated the electronic structure in 7 Â 7 supercell with a smaller vacancy concentration of 1/98 as shown in Fig. 4a . Fig. 4b-d show the band structures of graphene, graphene after the first H 2 dissociative adsorption, and graphene after the second H 2 dissociative adsorption, respectively. Similar changes in the electronic properties are found in this graphene system where the vacancy concentration is low. Thus, the dissociative adsorption of H 2 near a vacancy can still change the graphene from p-type doping to a pristine semiconductor, which indicates that H 2 molecules can still be detected even when the defect concentration is decreased.
To determine the sensitivity of graphene with a mono-atomvacancy for H 2 gas detection, we proposed a phase diagram to determine the effects of T and P on the dissociative adsorption of hydrogen on graphene, which is calculated in light of eqn 6 and is shown in Fig. 5 . It is known that the reaction occurs when DG(T,P) o 0. The figure shows that at a high T or a low P, free H 2 molecules cannot dissociatively adsorb on the monoatom-vacancy graphene. At room temperature, the first H 2 molecule starts to dissociate on the graphene at a very low partial pressure ratio ln P H 2 /P 0 of 10 À76 , or 10 À35 mol L À1 . When partial pressure ratio ln P H 2 /P 0 4 10 À59 , i.e. 10 À27 mol L À1 , the second H 2 molecule begins to dissociate and is adsorbed on graphene. To better understand the effects of T and P on the dissociative adsorption of H 2 on mono-vacancy graphene, lines 1 and 2 are plotted in the figure. Line 1 shows that increasing P at constant T promotes dissociative adsorption. Under a certain P as shown by line 2, low T induces dissociative adsorption. It is reported that the frequently used SnO 2 and TiO 2 based sensors can detect hydrogen molecules at the low concentration range of 5-10 ppm, 5, 6 i.e., about 10 À7 mol L À1 ; and Pd nonoparticle decorated ZnO nanorods can detect hydrogen molecules at the even lower concentration of 0.2 ppm, 7 i.e., about 10 À8 mol L
À1
. Compared with these results, graphene with mono-atom vacancies has ultra-high sensitivity for H 2 detection at room temperature.
Conclusion
In summary, the effects of vacancies on the dissociative adsorption of H 2 molecules on graphene are investigated through DFT calculations. The results show that graphene with a monoatom-vacancy can efficiently reduce the dissociative energy barrier of H 2 molecules on graphene and two H 2 molecules can be dissociatively adsorbed at each vacancy even when the concentration of H 2 is as low as 10 À35 mol L À1 . Based on the calculated band structures, the electronic properties change significantly after the hydrogen dissociative adsorption. Therefore, graphene with a mono-atom-vacancy has potential for ultra-low concentration hydrogen detection. 
